The reliability and stability are key issues for the commercial utilization of organic photovoltaic devices based on flexible polymer substrates. To increase the shelf-lifetime of these devices, transparent moisture barriers of silicon nitride (SiNx) films are deposited at low temperature by hot wire CVD (HW-CVD) process. Instead of the conventional route based on organic/inorganic hybrid structures, this work defines a new route consisting in depositing multilayer stacks of SiNx thin films, each single layer being treated by argon plasma. The plasma treatment allows creating smoother surface and surface atom rearrangement. We define a critical thickness of the single layer film and focus our attention on the effect of increasing the number of SiNx single-layers on the barrier properties. A water vapor transmission rate (WVTR) of 2 x 10 -4 g/(m 2 day) is reported for SiNx multilayer stack and a physical interpretation of the plasma treatment effect is given.
Introduction
The organic photovoltaic cells (OPV) fabricated on flexible plastic substrates have the potential to reduce the production costs by applying high throughput roll-to-roll coating processes, compared to the conventional process used for rigid solar cells.1) To achieve sufficient shelf-lifetime for commercial applications, OPV cells require encapsulation with a low permeability barrier material toward atmospheric oxidizing agents, especially low transmission rates in water vapor.2) Whereas sensitive food products can be protected with a single polymer film, organic solar cells need, in order to work during several thousands of hours,2-4) permeation barriers composed of complex layer stacks. A typical water vapor transmission rate (WVTR) as low as 10 -4 g/(m 2 day) is required. The single-layers of transparent materials such as silica, silicon nitride or alumina, often used as barrier layers, have pinholes through which water molecules can diffuse up to the organic device surface and thus deteriorate their performance.5-9) Due to that reason, more and more research has been focused on minimizing the propagation of defects by developing a multilayer stack.1) Up to now the conventional approach consisted in depositing alternate organic/ inorganic layers in order to minimize the stress inside the inorganic films4,9-12) and in depositing alternate inorganic/ inorganic layers in order to minimize the pinhole propagation. 13) In the present work, we focus our attention on a new process consisting in depositing multilayer stacks of SiNx single-layers, each single-layer being surface-treated by argon plasma, except the last one. We have chosen hot wire chemical vapor deposition (HW-CVD) method to deposit the SiNx films at low temperature because of the lower hydrogen content inside the film and the slightly higher density compared to the conventional material obtained by plasma assisted CVD techniques.9, [13] [14] [15] [16] [17] [18] [19] The idea behind the use of the argon plasma surface treatment between two successive SiNx single-layers (with a relatively high porosity caused by the low temperature deposition process) is to hinder the propagation of the pinholes from one single-layer to the other. The bombardment of low energy (<100 eV) argon ions on the surface of the SiNx thin films may smoothen the surface19) and rearrange the surface atoms,20) thus decoupling the structural defects in consecutive single-layers. There are several parameters that can be varied during the Ar ionic treatment (e.g., energy of ions, the flux of ions, frequency of plasma generation and duration of treatment). In a previous work, we have studied the effect of high frequency (13.56 MHz) and low energy (<100 eV) ionic treatment on the barrier properties of SiNx double-layers (total thickness: 100 nm), while varying the treatment duration in the range from 2 to 15 min and found an optimum treatment time of 8 min above which there was no significant barrier improvement. 19) In the present study, we use these optimized conditions for the argon plasma surface treatment and study the effect of increasing the number of single-layers on the permeation barrier properties. In order to assess the permeation barrier properties of these multilayers, we measure the WVTR values using the electrical calcium degradation test method at ambient atmospheric conditions.19,21-23).
Experimental methods
In order to deposit SiNx thin films by HW-CVD process, the precursor gases (ammonia, silane, and hydrogen) are introduced into a vacuum chamber, and a single coil shaped tantalum filament is heated up to 2000 °C. The filament acts as a catalyst, providing thereby the surface for heterogeneous thermal decomposition of the gases into radical species, which are the precursors for the amorphous SiNx film growth. The filament to substrate distance is 7.5 cm and the substrate temperature (Tsub) is fixed at 100 °C in order to be compatible with the glass transition temperature (Tg) of the plastic substrates.9,13,18,19) Poly(ethylene terephthalate) (PET; Melinex ST 504, 175μm thick) is used as the plastic substrate, because it is highly flexible, widely used and inexpensive. Single and multilayers of SiNx thin films are obtained using optimized deposition conditions described previously under a working pressure of 25mTorr.19) Due to the increase of the substrate temperature with time caused by the heated filament, the single-layer thickness is limited in the range of 50-60 nm. The Ar-plasma treatment between successive SiNx singlelayers is carried out in a glow discharge chamber, the sequence of SiNx deposition and Ar treatment being performed without breaking the vacuum by moving the sample between the two twin chambers connected by a gate valve. In the RF (13.56MHz) chamber the sample is clamped to the top electrode which is heated up to 100 °C and the bottom electrode is the RF-powered electrode. The working pressure is 50mTorr and the power density is 350mW/cm2. The optimum treatment duration (8 min) is chosen, which produces the minimum WVTR as described previously. 19) The films are characterized by X-ray diffractometry as described previously.19) To understand the possible effects of the treatment on the thin films, the roughness of the films deposited on very flat crystalline silicon wafers is measured using atomic force microscopy (AFM) in tapping mode and analyzed using the instrument software. The refractive index, n, and thickness, d, of the films deposited on 510-μm-thick crystalline silicon wafers is measured using the phase modulated spectroscopic ellipsometer Uvisel (Horiba Jobin-Yvon) in the 1.5-5.0 eV photon energy range. The measured data is fitted with the classical Lorentz dielectric model. 18, 19) To check the compatibility of these films with the utilization in real OPV devices, the reflectance (R) and the transmittance (T) curves of films on plastic substrates are measured using Perkin Elmer Integrating Sphere. The permeation rate and the lag-time of diffusion of water vapor through the barrier coated plastic are evaluated using the electrical calcium degradation test under ambient atmospheric conditions.19,21-23) For the Ca degradation measurement, the amount of Ca is fixed for all the measurements, with an area of 1.13 cm 2 and a thickness of 100 nm. The detailed description and the schematic view of the measurement are described elsewhere.19) Water molecules in the environmental moisture, after diffusing through the pinholes and defects inside the barrier, react with the metallic Ca sensor and transform it into insulating and transparent Ca(OH)2 film, whose resistivity increases accordingly. The Ca sensor resistance is measured using a four point probe technique. The WVTR value is deduced from the average decrease of conductance with time of the Ca layer (dG/dt), expressing its transformation under the action of water molecules:
where N is the molar equivalent of the degradation reaction which is assumed as N = 2 from the chemical reaction of Ca with water [Ca + 2H2O¼Ca(OH)2 + H2], M is the molar mass of the reactive elementsCa is the density of calcium (1.55 g/cm 3 ), Ca is the calcium resistivity (9x 10 -8 m), l and w are the effective length and width of Ca layer, respectively, and G is the conductance. From the geometry of our setup, the value of Area (Ca)/Area (window) is taken to be unity. 19) We first measure the effect of SiNx single-layer coating thickness (from 10 to 60 nm) on the permeation barrier properties and thus define a critical thickness. We then assess the barrier properties of multi-layer structures with Ar treatment, while considering the critical thickness of the single-layer as a fixed parameter.
3. Results and discussion 3.1 Determination of critical thickness Figure 1 shows the evolution of normalized conductance of Ca sensors, deposited on PET substrates whose back side has been coated with SiNx single-layers with thickness ranging from 10 to 60 nm. Bare plastic is used as the reference for the calcium degradation test. The degradation test has been performed on 10 uncoated PET substrates to evaluate the reproducibility of the measurement. The WVTR value assessed from the conductance evolution curve shows that the uncoated PET substrate has a WVTR of 0.17 +/-0.05 g/(m 2 day), whereas the WVTR measured for glass substrate (not shown here) is aprox. 10 With the increase of the SiNx single-layer thickness, the minimum time taken by the water molecules to permeate through the whole barrier thickness including PET substrate ("lag-time"), is increased as can be seen in Fig. 2 . As seen in Fig. 3 , the barrier performance assessed by the decrease of the WVTR value also improves with the increase of SiNx single-layer coating thickness (d). The curve can be divided into three regions .24) The first one, from 0 to 20 nm, corresponds to the "threshold thickness (dth)" region, below which there is no barrier effect and over which (d > dth) the permeation rate drops steeply until it stabilizes at a critical thickness (dc) value (about 40 to 50 nm in this case). For, d > dc, no further significant decrease in WVTR is observed, the stabilized value being aprox.1 x 10 -2 g/(m 2 day). From this first measurement, we define the critical thickness as the maximum single-layer thickness producing the maximum WVTR reduction. Based only on these WVTR results, it is expected that the stack of several SiNx single-layers, each having a thickness equal to or greater than the critical thickness (dc), will be very effective in reducing the overall WVTR value and thereby in improving the overall performance of the permeation barrier. The average surface roughness evolves similarly to the WVTR versus the single-layer thickness. Figure 4 shows the decrease in surface roughness from 55 to 23 nm when the PET substrate is covered by a SiNx layer of thickness at least equal to the critical thickness. It should be noted that the roughness of PET foil increases from 1.35 to 55 nm after exposure to the hot Ta filament, which explains the high initial value of roughness in Fig. 4.19 ) The improvement in barrier performance is limited mainly by pinholes or nanometer-to-micron sized structural defects, which can favor the diffusion of water molecules from the underlying SiNx film. So we looked for a technique which could drastically modify the sub-surface structure near the interface without modifying the bulk layer structure. We chose the technique of low energy argon plasma surfasse treatment (energy lower than sputtering energy).
Effect of Ar-plasma treatment on morphology
Characterizations are undertaken in order to observe the effect of the low energy Ar plasma surface treatment on the film surface. We performed AFM measurements on as-grown and plasma-treated SiNx (50 nm) thin films deposited on crystalline silicon wafers, shown in Fig. 5 , in order to verify the smoothening of the surface done by plasma treatment.19) The as deposited SiNx films observed in Fig. 5(a) exhibits a comparatively rough surface with 2.67 nm peaks on the surface. After 8 min treatment of Ar plasma, the film shows a flat surface [ Fig. 5(b) ] with approx. 85% reduction of the root mean squared (rms) roughness (0.39 nm) compared to untreated sample (2.67 nm). From this result it is clear that ion treatment leads to a surface modification. The effect of surface smoothening may be due to the exchange of energy between the impinging ions with sufficient energy (<100 eV) and the surface atoms vibrating around their equilibrium positions. Modification of the underlying SiNx layer could help in hindering the propagation of any structural defects. When these Ar-treated SiNx single-layers are stacked to form a multilayer structure, then this should logically improve the barrier performance of the whole structure. Figure 6 shows the optical data consisting of reflectance and transmittance measurements of the multilayer structure (stack of five SiNx single-layers, each separated by 8 min of Ar+ plasma treatment) deposited on PET substrates. The transmittance curve indicates that the multi-layer structure is highly transparent (approx. 80%) in the visible region. It can also be seen from Fig. 6 that reflectance and transmittance of this multi-layer structure add to almost 100%, meaning that no absorption takes place in the layers and the barrier structure can be perfectly used as a window layer for OPV cells. Slight absorption below 400 nm wavelength is due to the plastic substrate itself. 
Effect of Ar-plasma treatment on optical properties

Effect of Ar-plasma treatment on permeation barrier properties
The evolutions of normalized conductance of the Ca sensors deposited on such multi-barrier coated PET substrates are shown in Fig. 7 . Slight kinks are observable in the traces, which are probably due to the inhomogeneous oxidation of the calcium surface caused by the in-homogeneities inside the barrier layer and the PET substrate. When the number of SiNx single layers increases, the number of interfaces between SiNx films treated with argon plasma increases as well. The water molecules face a complex diffusion path when passing from one SiNx single-layer to the other through the intermediate treated SiNx interfaces. Due to that reason and to the increase in total thickness of the coating, the minimum time taken by the water molecules to reach the Ca sensor which is at the opposite side of the coated PET substrates ("lag-time"), increases with increasing number of stacked SiNx single-layers (Fig. 8) . A maximum lagtime of 77 h is achieved with five stacked SiNx single-layers, each layer being separated from the next one by the Ar-treatment. The WVTR values also decreases monotonically with increasing number of layers (see Fig. 9 ) reaching a minimum value of aprox.2 x 10 -4 g/(m 2 day). This tendency suggests that if the number of layers is further increased, then the barrier properties will be better. But the increased thickness will decrease the optical transparency and the flexibility of the whole structure. Obviously, if the mean energy of the Ar+ was higher, the treatment duration would be less than 8 min, but the higher ion energy would also promote atomic sputtering and probably damage the barrier properties of the interfaces.
Physical interpretation
The modification of roughness and barrier properties observed in the previous sections can be interpreted taking into account the main physical parameters of the Ar plasma. First of all, the drastic decrease of the rms roughness under the Ar plasma treatment observed in Fig. 5 can be interpreted as a minimization of surface energy (i.e., minimization of effective surface for a constant surface tension) under the action of the low energy (<100 eV) Ar ion flux impinging on the SiNx film surface. Such ions striking a material can penetrate to a certain depth within a depth distribution and rearrange the atoms locally in order to impede the spreading of structural defects. The depth distribution depends on the energy and the atomic mass of these ions related to the atomic mass of target atoms. During their travel through the material, energy is transferred to the near environment. Ions can transfer energy in a pure mechanical way by nuclear interaction (nuclear stopping power), through phonons (atomic vibrations), but can also loose energy to electrons (electronic stopping power). These mechanisms will cause rearrangement of the neighboring bulk atoms, initiating an atomic collision cascade.25) As a result, target atoms will be relocated from their original position, causing either damage to the interface structure, and/or densification of the interface up to few nm in depth. The argon ion bombardment on the surface must be such that it disrupts the atomic distribution to a few nm in depth, disturbing the continuity of a structural defect through this interface but it cannot significantly damage the interface. For the conditions used in this work, the argon ion energy after being accelerated through the plasma sheath potential is <100 eV. The bombardment by argon ions with this energy promotes the SiNx single-layer surface smoothening and possibly the densification of the surface to a few nm in depth by sufficient rearranging of the interface atoms (what should be confirmed by X-ray reflectivity measurement in a future work).26,27) 
Conclusions
In this paper, using the HW-CVD technique, based on silane and ammonia gaseous mixtures diluted in hydrogen at a substrate temperature of 100 °C and after an optimization taking into account the different growth parameters, we have deposited device quality transparent and stoichiometric silicon nitride thin films which can be used as moisture barrier layers for encapsulation of flexible organic photovoltaic cells. We have observed the evolution of the lag-time and WVTR value with the increasing SiNx single-layer thickness and defined a critical thickness of 50 nm, above which both quantities do not improve any more. The permeation rate is further reduced using a multilayer of SiNx films (where the critical thickness is used as a fixed parameter) and an Ar-plasma treatment between each successive singlelayer. Using Ar ions with a power density of 350mW/cm 2 and an average ion energy of <100 eV during 8 min, the lagtime is increased up to 77 h and the permeation rate is reduced down to 2 x 10 -4 g/(m 2 day). Surface roughness decrease (smoothening of the surface) under the action of the Ar+ ions has been observed and explained as a consequence of the minimization of surface energy. These low energy ions induce a structural modification at each interface, leading to a tortuous permeation path for the water molecules through the barriers. Thus the low value of WVTR = 2x 10 -4 g/(m 2 day) observed in the SiNx multilayers treated by Ar plasma should be sufficient for flexible organic photovoltaic cells to have a long shelf-lifetime.
